Patients on dialysis are 20 times more likely to have a cardiac arrest compared with the general population. We considered whether inherited factors associate with cardiac arrest among patients on dialysis. From a sample of 647,457 patients on chronic dialysis, we identified 5117 pairs of patients who came from the same family. These patients were each matched to a control subject from the same population. McNemar's tests were used to compare the risk of cardiac arrest between the familial related and unrelated pairs. Genetically related family members who did not cohabitate had an odds ratio of 1.88 (95% confidence interval [95% CI], 1.25 to 2.84) for cardiac arrest compared with their phenotypically matched unrelated controls. Genetically related family members who lived together in the same environment had an odds ratio of 1.66 (95% CI, 1.20 to 2.28). Spouses, who are genetically unrelated but live together in the same environment, had an odds ratio of 0.95 (95% CI, 0.60 to 1.59) for cardiac arrest. The risk of cardiac arrest in patients on dialysis may be attributable to inherited factors. Additional studies are needed to identify such candidate genes that modify cardiovascular risk in ESRD.
Patients on dialysis silently live with the age-adjusted risk of cardiac death that is 3.5 times higher than that in the general population. 1 Although cardiac arrest, commonly caused by ventricular arrhythmias, can be mostly attributed to coronary artery disease in the general population, ESRD-related cardiac arrest may be mediated by a different mechanism. 2 Retrospective adjudication of 476 dialysis deaths found no significant difference in the prevalence of coronary artery disease, decreased left ventricular ejection fraction, valvular heart disease, or left ventricular hypertrophy between patients who died of cardiac death versus those who died of another cause. 3 As such, we do not fully understand the pathophysiology of cardiac arrest in ESRD, and there are no accurate instruments for risk stratification or recommendations for the primary prevention of cardiac arrest in the dialysis population. 4 The discovery of predictive markers for cardiac arrest in ESRD could alter the practice of nephrology, because the risk of cardiac arrest is 5% per year in the dialysis population. 2, 5 In the general population, genome-wide association studies have identified genetic polymorphisms that significantly increase the risk of cardiac arrest [6] [7] [8] ; however, their clinical application has been limited, because the rate of cardiac arrest is only 0.24% per year. 9 As such, a doubling of risk in the general population would still be too low to warrant empirical primary prevention therapy. In the patient on dialysis, a genetic marker that doubles the risk of cardiac arrest would increase the absolute risk enough to possibly justify primary prophylactic therapies. However, the inherited risk for cardiac arrest among patients on dialysis has not been well established, and we have not discovered specific genetic polymorphisms that independently associate with an increased risk for cardiac arrest in ESRD.
We postulated that inherited factors could substantially modify the risk of cardiac arrest in ESRD and tested this hypothesis in a large cohort of patients on maintenance dialysis.
RESULTS
Description of the Study Cohort: Family Members on Dialysis Among a population of 647,457 patients with ESRD drawn from chronic dialysis facilities, we identified 5117 pairs of patients who came from the same family; 4053 of these pairs were genetically related and further classified into pairs that cohabitated (n=2449) and pairs that lived in separate houses (n=1604), and 1064 of these pairs were nongenetically related spouses.
Compared with the full dialysis population, families on dialysis were more likely to be African American (58.4% versus 30.4%, respectively), younger (58.4 versus 61.8 years old, respectively), and diabetic (30.3% versus 27.8%, respectively).
Heritability of Cardiac Arrest
Individuals in the 5117 family pairs were data matched on 26 characteristics to control subjects. After matching, the patient characteristics between the family pairs and their control pairs seemed to be well balanced (Table 1) .
We compared the intrapair prevalence of cardiac arrest between nonspouse family pairs and control pairs (Figure 1) (Table 2) . Spouses, who cohabitate but do not inherit genes from a common ancestor, both died of cardiac arrest in 3.8% of the patients relative to 4.0% of the patients in their control pairs. This relationship was not statistically significant (OR, 0.95; 95% CI, 0.60 to 1.59).
Effect Size of Heritable and Acquired Factors Associated with Sudden Cardiac Arrest
For the secondary analysis, we isolated index family patients (family member A column in Table 1 ) into those who had a cardiac arrest in their family and those who did not per family member B in Table 1 . Multivariable logistic modeling was used to determine the effect size of inherited and acquired factors associated with cardiac arrest. The results are displayed in Forest plot format ( Figure 2 ).
Patients with a nonspouse relative who previously died from a cardiac arrest were at increased odds (OR, Table 1 ).
DISCUSSION
In this study of family members on dialysis, we uncovered findings that suggest that heritable factors contribute to the risk of cardiac arrest in patients receiving dialysis. Compared with phenotypically matched unrelated controls, genetically related family members had a 1.7 odds increase of cardiac arrest, whereas there was no risk increase among spouses who were family members without genetic overlap.
The annual mortality rate for United States patients on dialysis has been reported to be 18 per 100 patient-years according to the 2013 US Renal Data Systems. 5 Among these deaths, cardiac arrest was reported to be the largest cause at five events per 100 patient-years. The pathophysiology of ESRDrelated cardiac arrest remains unclear but is likely an interaction between multiple factors, such as inflammatory, cardiac, and electrolyte abnormalities, combined with a host of biologic mechanisms that remain undiscovered. 2 In our study, we identified significant associations that suggest that the risk of cardiac arrest in ESRD maybe inheritable. Taken altogether, our study suggests that family history significantly increases the risk of fatal cardiac arrest by approximately 70% among patients on dialysis. This magnitude of risk increase is comparable with the results reported in inheritance studies of cardiac arrest in the general population. 10, 11 We saw no increase in risk for cardiac arrest among spouses with no genetic overlap, and we did not see a large change in risk among family members who cohabited or lived apart.
To date, no genome-wide association studies have been done in the dialysis population to identify specific single-nucleotide polymorphisms (SNPs) that may identify particular patients with ESRD with the highest risk of cardiac arrest. In the general population, multiple SNPs have been identified that associate with an increased risk of cardiac arrest. [6] [7] [8] As such, it is possible that these same SNPs occur with increased frequency or have a magnified effect size in patients on dialysis as an explanation for the increased rate of cardiac arrest reported in the dialysis population. Alternatively, novel SNPs specific to patients with ESRD may explain the excess cardiovascular mortality. Clinically, patients on dialysis have a similar risk for cardiac arrest as patients who fulfill the criteria for prophylactic implantation of a cardioverter defibrillator (ICD) 12 ; however, multiple retrospective analyses have reported that ICDs would likely provide reduced survival benefits to patients on dialysis compared with the general population. [13] [14] [15] This is likely, because patients with ESRD have many comorbidities that compete for patient mortality. Taken all together, ICD implantation for the primary prevention of cardiac arrest in patients on dialysis may be effective but is currently unfeasible because of the high costs, limited reduction in absolute risk, and unproven efficacy. Genetic markers that identify patients on dialysis at the highest cardiac risk could help distinguish which patients may sufficiently benefit from prophylactic ICD placement.
We acknowledge several limitations of our study. Although validation studies have shown that ESRD 2746 forms provide reasonable accuracy for the identification of fatal cardiac arrests, there still remains variation in the exact definition of cardiac arrest. 16, 17 This heterogeneity may have biased our effect estimates and decreased our power to detect more granular outcomes. Although our matching included criteria to choose subjects in close geographic proximity to each other, we were not able to restrict case-control matching within the clinic, because some facilities had too few control subjects. We also acknowledge the potential for misclassification in the process to identify familial relationships and cohabitation status. For example, we could not know if siblings were adopted, in whom there would be minimal genetic overlap, and the use of phone numbers may not precisely identify patients and cohabitation status, especially in those who interchange mobile and landlines as their home telephone number. Finally, as in all observational studies, there is potential for confounding from unmeasured factors.
In conclusion, heritable factors may contribute to the risk of cardiac arrest in hemodialysis. Additional genome-wide association studies are needed to identify novel candidate genes that identify patients with ESRD at the highest risk for cardiac arrest who may warrant therapeutic intervention.
CONCISE METHODS

Description of the Data Sources
We drew on a large cohort of patients with ESRD to identify family members on dialysis with matched pairs of unrelated control individuals. We compared the intrafamily and intracontrol prevalence of cardiac arrest to determine the presence and estimate the magnitude Figure 2 . Forest plot of adjusted OR for fatal cardiac arrest by risk factor. ACEI-ARB, angiotensin-converting enzyme inhibitor-angiotensin receptor blocker; AVF, arteriovenous fistula; AVG, arteriovenous graft; BMI, body mass index; CA, cardiac arrest; CAD, coronary artery disease; CHF, congestive heart failure; CVA, stroke; dCa, dialysate calcium; dK, dialysate potassium; EPO erythropoietin; Fhx, family history; HTN, hypertension.
of possible genetic factors associated with cardiac arrest in ESRD. The study protocol was approved and granted a waiver of informed consent by the New England Institutional Review Board.
Data for the study were abstracted from the Fresenius Medical Care North America (FMCNA) ESRD Database, which prospectively captures clinically relevant and standardized data elements for the purpose of conducting outcomes studies in the dialysis population. Over 2000 clinics in 48 states, the District of Columbia, and the Territory of Puerto Rico are represented in the database, which corresponds to approximately 40% of the United States chronic dialysis population.
All subjects registered in the database are followed longitudinally; data are actively collected and entered at the point of care for each patient at every visit (typically three times per week). Demographic, comorbid, medication, vascular access, and dialysis treatment data are charted on standardized electronic flow sheets provided on touchscreen monitors located at each treatment station. The data collection tool includes predefined logic features and user alerts to check data as they are entered. Required fields are structured so that valid data must be entered before the system can authorize the hemodialysis treatment to begin. At the end of each dialysis shift, automatic edit checks are executed to identify inconsistent or out-of-range data that require reconciliation by the facility charge nurse before the shift can be formally closed and submitted for billing. Laboratory testing was performed by a single accredited provider (Spectra Laboratories, Rockleigh, NJ), and the results were directly downloaded into the database.
Definition of the Study Cohort
From an ESRD population of .600,000 subjects from 1994 to 2014, we identified probable family members on dialysis through the linkage of emergency contact phone numbers provided by each patient on dialysis. As an example, if patient X on dialysis listed person A as the person (mother) to contact for an emergency and patient Yon dialysis also listed person A as the person (mother) to contact for an emergency, then we deduced that patients X and Y were related as siblings. Similarly, if patient X listed person A as mother and patient Yalso listed person A as wife, then we deduced that patients X and Y were related as child and father. Moreover, if patient X listed patient Y as spouse, then patients X and Y were married. We validated this linkage algorithm by verifying that family member pairs were, indeed, related through the review of published obituaries. Among a sample of 75 family member pairs, the familial accuracy was found to be 97%. Family members were identified as cohabiting if they both provided the same home landline telephone number.
Using the above approach, we identified all potential pairs of family members who received chronic RRT within the FMCNA network of dialysis clinics. Each potential family pair with their corresponding emergency contact names was reviewed and validated for accuracy by K.E.C. before inclusion in the analysis. Family pairs could be genetically related, such as in siblings and parent/child, or nongenetically related, such as in spouses. In families with more than two genetically related members, the most contemporary family member was declared as A, whereas the remaining family members formed pairwise groups as B. Family pairs were also classified by cohabitation status depending on whether they lived in the same household.
A case-control study cohort was then generated by matching each individual family (n=10,234) member to another patient on dialysis (n=10,234) who was similar in demographics, vascular access, laboratory, comorbidity, follow-up time, geography, dialysate prescription, and medication characteristics at the time that the patient was discharged from the Fresenius Dialysis Network (Table 1 has a full list of matching parameters). Matching was executed through a greedy algorithm supplied by Kosanke and Bergstralh. 18 After matching, family members were then paired together so that they could be compared with their paired unrelated controls. Thus, our final study cohort was comprised of 5117 pairs of family members and for comparison, 5117 pairs of phenotypically similar but unrelated patients with ESRD; all patients were drawn from the full FMCNA cohort.
Study Outcomes
The primary study outcome was fatal cardiac arrest as determined by the cardiac arrhythmia or cardiac arrest, cause unknown categories from Form 2746-ESRD death notification. This form is mandated by The Centers for Medicare and Medicaid Services for all dialysis deaths. Validation studies of 2746 cardiac arrest outcomes against clinically adjudicated outcomes reported accuracy rates of 71%-84%. 16, 17 The secondary outcomes of the study included all-cause mortality and noncardiovascular death.
Patient Characteristics
Baseline patient characteristics of family members and their matched unrelated controls were tabulated for comparison. Characteristics were ascertained as the most recent values before the patient died or was discharged from the Fresenius Dialysis Network. Time on dialysis or vintage was calculated as the difference between the date that the patient was discharged from the Fresenius Dialysis Network and the date that the patient was declared to have ESRD.
Statistical Analyses
Each pair of family members and unrelated control subjects was considered an independent observation for the purpose of the primary statistical analysis. Using a case-control design, we used McNemar's test to compare the proportion of pairs where both subjects died of a cardiac arrest in the family group versus the control group. A higher prevalence of dual cardiac arrests within family pairs (versus control pairs) would be consistent with the heritability of cardiac arrest. McNemar's testing was further repeated in subpopulations of family pairs by cohabitation status and among spouse pairs.
For the secondary analysis, we isolated 5117 family subjects (only subjects in the family member A column in Table 1 ) and classified them according to whether their former relative died of a cardiac arrest or not (per family member B in Table 1 ). In other words, member A was current, and their inherited risk of cardiac arrest was on the basis of the outcome of their past relative B. A multivariable logistic model was used to determine the association between cardiac arrest with 26 measured factors. All continuous variables in the logistic model were tested for linearity using the Box-Tidwell test. 19 Continuous variables that did not pass the test of linearity were quartiled for transformation into a categorical variable. Models were also stratified by cohabitation status. Effect modification between the inherited risk of cardiac arrest and each acquired factor was tested through inclusion of interaction terms in the logistic model. All statistical analyses were executed using SAS, version 9.3 (Cary, NC). 
